BACKGROUND: Cardiac response to enzyme replacement therapy (ERT) in Fabry disease is typically assessed by measuring left ventricular mass index using echocardiography or cardiovascular magnetic resonance, but neither quantifies myocardial biology. Low native T1 in Fabry disease represents sphingolipid accumulation; late gadolinium enhancement with high T2 and troponin elevation reflects inflammation. We evaluated the effect of ERT on myocardial storage, inflammation, and hypertrophy.
F abry Disease (FD) is a rare, X-linked lysosomal storage disorder leading to progressive sphingolipid accumulation affecting multiple organs including the heart. 1 Cardiovascular death is the main cause of mortality, 2 with left ventricular hypertrophy (LVH) and myocardial fibrosis being among the proposed risk factors for ventricular arrhythmia and sudden cardiac death. 3 Enzyme replacement therapy (ERT) has been the mainstay of treatment with oral chaperone newly available for patients with amenable mutations. Timing of initiation of treatment seems important. The presence of overt LVH and myocardial fibrosis has been shown to negatively affect ERT outcome, suggesting the importance of early initiation of treatment. 4, 5 Cardiac response to ERT is typically assessed by measuring the left ventricular mass LVM index (LVMi) using either transthoracic echocardiography or cardiovascular magnetic resonance (CMR). However, this method does not quantify myocardial biology. The effect of treatment on myocardial storage is not widely reported, as invasive myocardial biopsy was required to measure this previously. 6, 7 Multiparametric mapping by CMR is now a noninvasive tool to assess myocardial storage and other disease processes such as inflammation. CMR can measure 3 fundamental magnetic tissue constants, T1, T2, and T2*, and display them as color maps. Low native T1 in FD represents sphingolipid accumulation. 8, 9 Late gadolinium enhancement (LGE) with high T2 and troponin elevation reflect inflammation, 10 characteristically initially occurring in the basal inferolateral wall. 11 LGE with thinning and no T2/no troponin represents scar. Myocardial strain measured by global longitudinal strain (GLS) using feature-tracking CMR has been recently shown to be impaired with hypertrophy, storage (measured by low native T1), and LGE in FD. 12 Understanding the effect of ERT on these now measurable pathways is difficult as it is not acceptable to randomize patients fulfilling treatment criteria. We, therefore, designed an observational study to map the 1-year evolution of these processes in stable untreated and stable treated disease and to compare this to the changes of a group of patients starting ERT for the first time.
METHODS
The data that support the findings of this study are available from the corresponding author on reasonable request.
Study Population
This prospective, multicenter, international observational study of 56 FD patients was a part of the Fabry400 study (NCT03199001). Participants were recruited from 3 Fabry clinics (United Kingdom: Royal Free Hospital London, Queen Elizabeth Hospital Birmingham; Australia: Westmead Hospital Sydney). The local research ethics committee approved the study. Written informed consent was obtained from all participants.
Inclusion criteria included gene-positive FD males and females age 18 years who underwent assessment at baseline and 12 months. These were in 3 groups: FD participants starting ERT and 2 further groups: FD patients stable on ERT (established on ERT) and FD ERT naïve participants. These patients were selected from clinic attenders, according to availability and agreement to attend both baseline and follow-up CMR scans. FD is a disease that evolves slowly. Across the different pathological processes measured in this study and reflecting the X-linked nature of the disease and treatment guidelines, change over 1 year in the ERT naive group will reflect early untreated disease (likely more female, more LVH-negative) and changes over 1 year in the ERT treated group will reflect more advanced treated disease trajectory (likely more male, more LVH-positive). The group starting ERT will likely represent an intermediate stage group-but with the potentially powerful impact of 1 year of new ERT detectable when compared with the other 2 groups. Patients on oral chaperone were excluded.
Baseline and 1-year assessment included CMR, estimated glomerular filtration rate, and blood biomarkers. These were high-sensitivity troponin T (Roche Diagnostic; normal range
CLINICAL PERSPECTIVE
The leading cause of death in Fabry disease is now cardiac involvement. Treatment response (enzyme replacement therapy [ERT] or oral chaperone) has been typically assessed by measuring left ventricular hypertrophy (maximal wall thickness or left ventricular mass), but this does not quantify myocardial biology. Multiparametric cardiovascular magnetic resonance offers more -a low myocardial native T1 reflects sphingolipid accumulation and a high T2 in late gadolinium enhancement zones corresponds to high troponin and likely reflects inflammation. Using multiparametric cardiovascular magnetic resonance and blood biomarkers, we looked at the changes in Fabry myocardium after 1 year of initiation of ERT compared with other comparator groups (early, ERT naïve patients, and advanced, established on ERT patients). The data shows that Fabry disease myocardial phenotype changes differently with disease stage-early (untreated mainly female, mainly left ventricular hypertrophy-negative) versus advanced (treated, mainly male, mainly left ventricular hypertrophy-positive) patients. In early disease, there were increases in left ventricular mass and more storage whereas in late disease, there were increases in inflammation and reductions in strain with increases in troponin-but all changes were small. Patients starting ERT were different-with a small improvement in left ventricular mass and reduced storage. Combined, the data suggest that there is a small but clear beneficial ERT effect in Fabry disease.
Nordin et al; Serial Change in Fabry Cardiomyopathy With Therapy 0-14 ng/L for troponin T) and NT-proBNP (N-terminal pro-B-type natriuretic peptide; Roche Diagnostics; normal range according to age/gender). 13 Hematocrit was also collected for extracellular volume fraction (ECV) calculation.
Cardiovascular Magnetic Resonance
All participants underwent CMR at 1.5 Tesla at 4 sites (London, Avanto and Aera; Birmingham, Avanto; Sydney, Avanto; Siemens Healthcare, Erlangen, Germany) using a standard clinical protocol with LGE imaging using phase-sensitive inversion recovery. T1 mapping using a modified Look-Locker inversion recovery sequence and T2 mapping were performed pre-contrast bolus administration (0.1 mmol/kg body weight, Gadoterate meglumine, Dotarem, Guerbet SA, France) on basal left ventricular short-axis slices ( Table I 
CMR Analysis
All images were centralized and analyzed using CVI42 software (Circle Cardiovascular Imaging Inc, Calgary, Canada). All analysis was blinded to clinical status. The assessment of LV volumes and LV mass were performed as previously described. 14 LVH was defined as maximum wall thickness >12 mm in adults or increased LVMi on CMR according to age and gender-matched normal reference ranges. 15 The presence of LGE was assessed by 2 independent observers (Drs Nordin and Augusto). The amount of LGE was quantified using the threshold method of 5 standard deviations above the mean remote myocardium presented in grams. Two-dimensional GLS was obtained by manually drawing epicardial and endocardial contours on the end-diastolic frame of long-axis images (4-chamber, 2-chamber, and 3-chamber views) with strain obtained using applied automatic feature-tracking algorithm as previously described. 12 A region of interest for native T1 and ECV was manually drawn in the septum with a 20% offset, taking care to avoid the blood-myocardial boundary. T2 at the LGE area assessment was performed by manually drawing a region of interest over areas corresponding to LGE. 10 For cases without LGE, a region of interest was drawn in the basal inferolateral segment. Normal native T1 and T2 reference ranges (mean±2 SD) were defined using age-and gender-matched healthy controls from each individual center, with the group considered as a whole for T2 and split by gender for native T1 as native T1 is known to vary with gender. 16, 17 The normal native septal T1 ranges (mean, 1 SD, lower limit of normal) for each center were as follows: London center (Avanto), mean 1000±29 ms, lower limit 940 ms in male subgroup, and mean 1034±37 ms, lower limit 960 ms in female subgroup; London center (Aera), mean 994±18 ms, lower limit 958 ms in male subgroup, and mean 1027±22 ms, lower limit 983 ms in female subgroup; Birmingham center, mean 945±13 ms, lower limit 919 ms in males, and mean 966±19 ms, lower limit 928 ms in females; Sydney center, mean 1021±26 ms, lower limit 969 ms in males, and mean 1022±26 ms, lower limit 970 ms in females ( Table II in the Data Supplement) .
The T1 mapping and ECV standardization in cardiovascular magnetic resonance (T1MES) phantom was scanned as part of the T1MES multicenter study according to the user manual instructions distributed to centers and as previously described. 18 Scanner room temperatures were stable throughout the test period at 20±0°C for the 2 London sites and 21±1°C for Birmingham and Sydney sites. Unadjusted for temperature, serial modified Look-Locker inversion recovery T1 times across the 9 tubes were highly stable with site-specific coefficient of variation of 0.805% and 0.751% for the London sites (Avanto and Aera scanners, respectively), 0.625% Birmingham, and 0.846% Sydney. Serial T2 times across the 9 tubes were also stable with site-specific coefficient of variation of 1.10% and 1.07% for the London sites, 1.06% Birmingham, and 1.06% Sydney.
FASTEX Analysis
FAbry STabilization indEX (FASTEX) analysis was performed to evaluate overall clinical stability or progression of FD at follow-up using an online application (www.fastex.online) as previously described. 19, 20 A FASTEX score of ≥20% is an indication of overall clinical worsening or clinical instability at follow-up. 20
Statistical Analysis
Statistical analyses were performed using SPSS 24 (IBM, Armonk, NY). Continuous variables were expressed as mean±SD or median (interquartile range) according to normality using Shapiro-Wilk test; categorical variables were expressed as percentages. Data between baseline and follow-up visits were compared using either paired t test or Wilcoxon signedrank test according to normality. The coefficient of variation between serial repeated phantom scans was calculated as a compound measure of all causes of change in the estimated native T1 and T2 of all 9 tubes. Two-way mixed ANOVA was performed to test for interaction between groups (ERT status) and time on CMR parameters and blood biomarkers. Tukey post hoc correction was applied for pairwise comparisons between groups. A P value of <0.05 was considered significant.
RESULTS
Fifty-six participants were scanned at baseline and follow-up (mean 1.1±0.2 years). Baseline characteristics are shown in Table 1 . Five additional recruited patients were excluded: one patient underwent permanent pacemaker insertion, and 4 patients who started ERT did not attend follow-up.
Group Initiated on ERT
Twenty participants were scanned at baseline (pre-ERT) and at 1 year, mean age 49±10 years. Ten were on agalsidase alfa (Replagal) and 10 on agalsidase beta (Fabrazyme). Sixty percent (12/20) had baseline LVH; 80% (16/20) had low T1; and 74% (14/19) had LGE. One patient did not received contrast at baseline due to previous allergic reaction. Thirty-five percent (7/20) were males; 35% (7/20) had a known cardiac variant (6 N215S mutation and 1 R301Q mutation). The ERT indication was mainly LVH.
Of those with LVH, 58% (7/12) were males, mean age 53±12 years. All patients with LVH had LGE at baseline. Eighty-three percent (10/12) had low T1 at baseline. The 2 LVH-positive patients with normal native T1 included a female with apical hypertrophy and a male with extensive LGE including the septal area. Eighty-three percent (10/12) had an increase in T1 value after 1 year of ERT. Eight (40%) were LVH-negative. The ERT indication in these 8 patients was still mainly cardiac, for example, LGE on CMR, but also other organ involvement, for example, transient ischemic attack, renal decline, or gastrointestinal symptoms. All LVH-negative patients started on ERT were female, mean age 43±9 years. Of the LVH-negative patients, 71% (5/7) had LGE (one patient did not receive contrast at baseline due to previous allergic reaction) and 75% (6/8) had low native T1 at baseline. Fifty percent (4/8) had an increase in T1 value after 1 year of ERT.
Over 1 year of ERT initiation, there was a small reduction in maximum wall thickness (14.8±5.9 versus 14.4±5.7 mm; P=0.028) but no change in LVMi (93±42 versus 92±40 g/m 2 ; P=0.186). There was a small reduction in T1 lowering (partial normalization; 917±49 versus 931±54 ms; P=0.017). T2 in the LGE area, LGE presence, absence or extent, septal ECV and GLS were unchanged (T2: 55±6 versus 56±6 ms, P=0.609; LGE: After 1 year of ERT, the LVH-positive group has shown a small reduction in LVMi (117±38 versus 114±36 g/m 2 ; P=0.048) and reduction in T1 lowering (partial normalization; 902±47 versus 920±48 ms; P=0.008; Figures 1  and 2 ). There was no significant change in other parameters in the LVH-positive group ( Table 2) . All markers were unchanged in the LVH-negative group ( Table 2) .
Advanced Stable Disease Group (Established on ERT)
The 18 patients established on ERT were 53±13 years with median ERT duration of 4.2 (1.4-12.2)years. Ten were on Replagal and 8 on Fabrazyme. Eightythree percent (15/18) had LVH, and 56% (10/18) were males. Seventy-two percent (13/18) had low T1, and 73% (11/15) had LGE. Three did not receive contrast at baseline due to poor renal function. Eleven percent (2/18) had a known cardiac variant (N215S and I901T mutations). Eighty-three percent (15/18) patients were LVH-positive of which 60% (9/15) were males. Four LVH-positive patients with normal T1 had septal LGE to explain the pseudonormal T1.
Over 1 year, there was no significant difference in maximum wall thickness and LVMi (17.5±4.7 versus 17.8±4.9 mm; P=0.056 and 124±45 versus 125±45 g/m 2 ; P=0.070, respectively). Native T1, ECV, and LGE quantification were unchanged (916±52 versus 912±50 ms, P=0.607; 0.28±0.03 versus 0.28±0.04, P=0.690; and 13 versus 15 g/m 2 , P=0.173, respectively). However, there was a significant increase in T2 in the LGE area and troponin at 1 year (T2: 57±6 versus 60±7 ms, P=0.023; troponin 43 Over 1 year, there was a small increase in maximum wall thickness and LVMi (9.8±2.7 versus 10.2±2.6 mm; P=0.010 and 65±15 versus 67±16 g/m 2 ; P=0.005). One participant who was LVH-negative with low native T1 at baseline scan was found to progressed to LVH. No patients developed new LGE. There was a reduction in native T1 981±58 versus 959±61 ms, P=0.002; no patient became low T1 (Figure in the Data Supplement). T2, ECV, and GLS were all normal at baseline and unchanged over 1 year (T2: 50±3 versus 50±4 ms, P=0.847; ECV: 0.29±0.04 versus 0.27±0.03, P=0.159; and GLS: −19.2±2.6 versus −19.1±2.3, P=0.880. There was an increase in troponin 1 [1] [2] [3] [4] versus 4.5 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] ng/L; P=0.018. NT-proBNP was unchanged 1 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] versus 1 [1] [2] [3] [4] [5] [6] [7] pmol/L; P=0.715. Within this group, comparing LVH-positive to LVH-negative (baseline, follow-up) subgroups is not statistically possible as there were only 3/18 that were LVH-positive. Interaction between groups according to ERT status over time is shown in Table 3 . 
Group Not on ERT (Treatment Naïve)

Clinical Progression
FASTEX scores, a dynamic measure of overall clinical stability (where interval change of <20% suggest stability), were measured. The rates of a score ≥20% in the groups initiated on ERT, established on ERT, and ERTnaïve were 30%, 33%, and 39%, respectively.
DISCUSSION
In this study, insight into the biology of the FD myocardium is noninvasively gained by serially evaluating the effect of ERT on the FD myocardium after 1 year of initiation using multiparametric CMR and blood biomarkers. These patients were compared with 2 stable control groups-one early untreated group and one advanced treated group. The study found that, over 1 year, early, stable (more female, mainly LVH-negative) treatmentnaïve FD have an increase in LV mass and a fall in T1 and a small increase in mean troponin. More advanced, stable on treatment (more male, more LVH-positive) FD has no change in mass, T1, or LGE area-but T2 and troponin increased with increased impairment in myocardial strain (GLS). What did the new ERT treated group do? If ERT had no cardiac effect, then the expectation would be that they would be intermediate between these 2 groups: that is, no or a small increase in mass; no or a small decrease in T1 with no change; or a small increase in T2 and troponin. Instead, we found that in the LVH-positive group, in particular, had a small improvement in LV mass and a small improvement in T1 (partial normalization). Although we caution against over-interpretation, we believe the best interpretation of these data is this: first, from the advanced stable disease data, it is clear that chronic ERT use does not completely normalize LVH, T1, T2 or troponin, supporting single time point observational data and evidence that ERT in more advanced disease may be less effective. 4, 21 Second, that the disease is slowly progressing in both early untreated and more advanced treated disease-but in different ways (early disease, more storage, LVH developing; advanced disease more inflammation, increasingly impaired strain; both: slowly increasing troponin). Third, from the newly ERT-treated group (Figure 2 ), there is a clear signal of an ERT effect with a small reduction in LV mass and normalization of T1 once LVH is present. However, the effect size is small but ( Figure 3A and 3B) is in the opposite direction to the treatment-naïve group. Whether the measured effects represent ERT impact solely via endothelial cell clearance (endothelial cell storage will have a small contribution to measured myocardial T1) with downstream alteration in myocardial and systemic perfusion modestly reducing LVH rather than a direct ERT effect on (terminally differentiated) myocytes is unclear. We also acknowledge that the sample size in the newly ERTtreated LVH-negative group is small (n=8); therefore, it is possible that an ERT effect can be seen in this group with a larger sample size.
The changes we observed in myocardial native T1 and T2 times in the study participants were unlikely due to technical instability in the CMR systems across sites or to environmental shifts, since the phantom data suggested a high level of data consistency with no drift over time. Changes were, however, small, each group was also small, and we caution against over-fitting and over-interpreting the data.
The LV mass results with ERT initiation is consistent with previous findings where a decrease in LVMi was observed in FD with LVH and no change observed in those without LVH during the first year, 22 although here the changes were small. 6, [23] [24] [25] Our findings are also consistent with a previous 10-year follow-up study where an improvement in LVMi was most apparent in FD after 1 year of ERT treatment particularly in the LVH group, suggesting a temporal effect of ERT. 26 After 10 years of ERT, the reduction in LVMi was maintained in males with LVH but not in females, while in the LVH-negative patients, the LVMi was maintained. 26 Reductions in LVMi and myocardial Gb3 content have been previously demonstrated by myocardial biopsy. 6, 7 Data on untreated FD are limited; however, previous studies have demonstrated an increase in LV mass in untreated FD. 27, 28 Using multiparametric mapping, our group and others have previously shown that T1 is low in FD, even in LVH-negative patients. 8, 14, 29 We have also previously demonstrated that LGE in FD without thinning is likely inflammation using T2 mapping and troponin, 10 which is further supported by other studies that included blood inflammatory markers, for example, tumor necrosis factor (TNF), TNF receptor 2, interleukin-6 and matrix metalloprotease-2, 30 and myocardial biopsy. 31 This is the first prospective study exploring longitudinal change in native T1 and T2 in FD, here also exploring treatment impact. This requires quality control to ensure measurement system stability. The serial measurement supports proposed models of phenotype development developed out of single time point data. 32 Future studies-larger, longer, or with new therapeutic approaches (chaperone/gene therapy)-will provide more insights.
Study limitations include no histology, the lack of a full understanding of the quantitative link between storage and T1 lowering, the relatively small sample size reflecting the rarity of the disease, and the study design given the nonavailability of randomization. Patient recruitment will have excluded very advanced disease patients due to contraindications to CMR (for example, patients with permanent pacemaker and implantable cardioverter-defibrillator), and there is a likely recruitment bias whenever patients are recruited from clinic (more likely to recruit those on short follow-up, agreement for research more likely in those worried about their health), meaning control groups may not fully represent population averages-our patients had a more recent diagnosis of FD than we think our total cohort does (median 4 years for controls, 1.4 years for ERT initiators) and high FASTEX scores. The link between pathophysiological process and outcome is unknown.
CONCLUSIONS
Over 1 year using multiparametric CMR and biomarkers, the FD myocardial phenotype changes. These changes are different in early (untreated mainly female, mainly LVH-negative) disease compared with more advanced (treated, mainly male, mainly LVH-positive): with early disease, small increases in LV mass and more storage, and with late disease, small increases in inflammation and small reductions in strain-both have small increases in troponin. Intermediate patients starting ERT are different with a small improvement in LV mass and a small improvement in myocardial storage, com-patible with a small but clear ERT treatment effect on myocardium. Whether or how these effects translate to patient morbidity or mortality reduction with cumulative lifetime use and whether the effects represent solely endothelial or endothelial and myocardial effects remain unclear.
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